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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
Keywords: Assembly; Design method; Family identification
1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Tungsten carbide-cobalt (WC-Co) is widely used for 
manufacturing of cutting tools. The conventional 
manufacturing of WC-Co in a liquid phase sintering process is 
characterized by a well-controlled and homogeneous input of 
thermal energy and processing times in the order of several 
hours. Controlled diffusion processes along the grain 
boundaries between the WC hard phase and the Co binder 
ensure the formation of the desired material microstructure. 
After sintering, the solid carbide blanks are contoured using 
CNC-grinding machines to achieve the final tool shape. 
In contrast to the conventional cutting tool fabrication 
process, Laser Powder Bed Fusion (L-PBF) offers significant 
potential for manufacturing of innovative tool geometries [1]. 
However, previous studies indicate that laser molten WC-Co is 
impaired by characteristic defects, which corrupt the material 
properties. The laser generated microstructures exhibit 
increased porosity and WC grain growth, thermal cracks and 
u e ired changes in the composition of elem nts and phases 
[1]. A summary of studies conducted on L-PBF of WC-Co at 
different research institutions was given by Uhlmann et al. [2]. 
The conditions of melting and solidification during L-PBF are 
completely different from the conventional liquid phase 
sintering process. Therefore, microstructure and mechanical 
properties similar to conventionally sintered WC-Co are still 
not achieved by L-PBF. 
Further optimization requires a better understanding of the 
defect formation mechanisms. To achieve a more differentiated 
consideration of the mechanisms, the impact of powder layer 
characteristics is excluded in this study. Single-pulse and 
single-track analogy experiments are conducted on 
conventional solid WC-Co substrate under variation of the 
cobalt content and the processing conditions. Thereby, the 
fundamental impact of laser energy input on phase 
development and microstructure of WC-Co is analyzed. Based 
on the results, different measures to reduce the material defects 
are discussed. 
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2. Materials and methods 
 
The experiments were conducted on a Renishaw AM250 
L-PBF system under inert gas atmosphere (nitrogen 5.0). The 
machine is equipped with a modulated Ytterbium fiber laser 
(cw) with a focal diameter of df = 70 μm (Gaussian mode, 
TEM00). Single pulses with pulse durations tp ≥ 20 µs can be 
achieved by modulation. The scan velocity vS is approximated 
by vS = dp / tp. The local distance dp between two exposure 
points is set to a constant value of dp = 45 µm in all tests. The 
maximum platform temperature in the standard configuration 
of the AM 250 machine is limited to 170°C. For the realization 
of higher platform temperatures, a lab scale pre-heating module 
is used. This module can heat up a build area of 25 mm width 
and 50 mm length to approx. TPH = 800°C. The temperature can 
be monitored with thermocouples and pyrometry. 
Different conventional WC-Co grades with variations in the 
Co-content from 6 wt.-% to 24 wt.-% were used. The WC grain 
size of the tested materials increases with the Co-content from 
“fine” to “coarse” (classification according to ISO 4499). The 
surfaces of the samples were ground and polished. Variations 
in scan velocity (25 mm/s ≤ vS ≤ 200 mm/s) and laser power 
(50 W ≤ P ≤ 200 W) were chosen according to the process 
windows of previous studies on L-PBF of WC-Co [2]. For the 
single-track experiments, the variations in P and vS result in a 
specific energy per unit length Es = P / vS between 0.25 J/mm 
≤ Es ≤ 8 J/mm. The range of vS  results  in  pulse  durations 
tp°= dp / vS between 0.225 ms and 1.8 ms (dp = 45 µm), which 
are applied for the single-pulse experiments. For the single 
pulses, the chosen range of P and tp result in a pulse energy  
Ep = P ⋅ tp between 11.25 mJ ≤ Ep ≤ 360 mJ. 
The heat affected zones were inspected by top view and 
polished cross sections of the scan tracks. Optical microscopy 
and scanning electron microscopy (SEM) were applied. 
Microstructure was investigated by secondary electron (SE) 
and backscattered electron (BSE) contrast. The proportion of 
the elements in the heat affected zones provides a clue for 
possible phases and is measured by energy dispersive X-ray 
spectroscopy (EDX). To minimize contamination during 
sample preparation, some of the microstructural areas were 
ablated using focused ion beam (FIB). Emphasis of the analysis 
was on the dimensions of the heat affected zones, the formation 
of microstructure and the occurrence of thermal cracks. 
 
3. Results and discussion 
 
The first single-track experiments were conducted without 
pre-heating of the substrate. The results indicate a significant 
impact of laser energy on the given WC-Co microstructure for 
all tested parameter combinations and materials. The 
temperature gradient dT/ds along the distance s from the center 
of the melt pool causes different microstructural zones. These 
are shown schematically in Fig. 1. In sufficient distance to the 
melt pool (zone D), the material is unaffected by the laser 
energy (Es, Ep). Summarizing the tendencies seen in all 
parameter settings, the following microstructural observations 
have been made. Full decomposition of the WC microstructure 
is observed in the center of the melt pool (zone C), where the 
highest temperature can be expected. At the border of the melt 
pool (zone B), WC grain growth is observed. Between the 
border (B) and the unaffected material (D), a heat affected zone 
is detected, where increased amounts of W are measured in the 
Co phase (zone C). The described zones occur for each 
parameter setting and tested Co-content, but are most obvious 
for high energy inputs. Therefore, the typical zones are 
explained in detail by example of the scan track, that was 
generated with Es = 8 J/mm. 
 
Fig. 1. Schematic view and description of microstructural zones in the cross 
section of a laser scan track on WC-Co 
Fig. 2 shows the cross-sections of scan tracks generated with 
WC-Co 76/24 and WC-Co 90/10. Comparison of zone A to the 
original material in zone D indicates that a significant impact 
of laser energy input on the carbide structure is not evident. The 
light-grey WC grains are homogeneously embedded in the 
dark-grey Co matrix in both regins. However, EDX analysis of 
this region indicates a gradient in the mole fraction of W (xW) 
dissolved in the Co-matrix. In the unaffected zone D a mole 
fraction of xW ≈ 1.5 at.-% is measured. Getting closer to the 
melt pool, the mole fraction increases up to xW ≈ 20 at.-%. This 
can be explained by the gradient dT/ds, since the solubility of 
W in Co increases with increasing temperature [3]. The high 
cooling rates lead to supersaturated solidification. The 
dissolved tungsten affects the density of the binder phase and 
thereby the material contrast in the BSE image. For higher Co- 
contents, filamentary precipitations are observed in the Co- 
matrix, which are rich in tungsten (detail zone A). These 
structures suggest not only solid state diffusion but a transition 
of the binder phase into liquid state. For lower Co-contents, 
reliable measurement of the mole fraction xW in the Co matrix 
was not possible due to the small amount of Co between the 
WC grains. However, the saturation gradient is visible by the 
slight decrease in brightness of the binder phase outwards the 
melt pool. The width of zone A generally increases with the 
Co-content of the substrate material. 
 
Fig. 2. Scan track cross-sections of zone A (SEM-BSE) with binder phase 
saturation gradient, Es = 8 J/mm, WC-Co 76/24 (left), WC-Co 90/10 (right) 
In the border region B between  the central melt pool (zone 
C) and the heat affected zone A, significant WC-grain growth 
is observed (Fig. 3). The formation mechanisms are basically 
known from conventional sintering processes [4]. High 
temperature leads to increased dissolution of carbides in the 
liquid binder and a highly saturated melt phase. During 
solidification and cooling, the dissolved W and C  precipitates 
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at the grain boundaries of the undissolved carbides at the border 
to zone A, causing grain growth. In addition, the minimization 
of surface energy leads to partial or full coalescence of grains. 
In some of the enlarged grains, black inclusions can be 
identified. These are also observed in the central melt pool and 
contain high amounts of carbon (Fig. 5). The carbon is enclosed 
in the WC grains during coalescence and grain growth. 
 
Fig. 3. Scan track top views (top, SEM-BSE) and cross-sections of zone B 
(bottom, SEM-BSE), Es = 8 J/mm, WC-Co 76/24 (left), WC-Co 90/10 (right) 
In the central interaction zone (C) between the laser 
radiation and the material, the highest laser intensity, melt pool 
temperature and temperature gradients exist [5]. Global EDX 
analysis of these regions is conducted for both Co-contents as 
shown in Fig. 4 (red frames). The results indicate residual Co 
contents of  approx.  15 wt.-%  (WC-Co  76/24)  respectively 
5 wt.-% (WC-Co 90/10). Hence, a single laser exposure is 
enough to reduce the initial Co content by up to 50 %. Co 
evaporation is also known from L-PBF [2]. This indicates, that 
the evaporation temperature of Co (2900°C) is locally 
exceeded during laser exposure. According to the W-C-Co 
phase diagram, given e.g. by Bondar et al. [6], WC is in liquid 
state at 2900°C. WC melts incongruently, which implies 
decomposition into W-rich liquid phase and solid graphite (C). 
Due to rapid cooling, diffusion processes are inhibited. Non- 
equilibrium conditions can cause meta-stable solidification of 
the melt. Dependent on the energy input and the Co-content of 
the substrate, lamellar or cellular microstructures similar to cast 
material with spheroidal graphite are observed (Fig. 4). 
microstructure as graphite leading to a carbon deficiency in the 
surrounding material. The light grey regions around the C-
inclusions contain high amounts of tungsten. BSE indicates a 
higher Z-contrast (mean atomic number) and thereby higher 
material density compared to WC. Hence, potential phases are 
W2C, WC1-x (γ) or W. The dark grey matrix is rich in cobalt. 
The compositions, measured by EDX, most likely suggest 
supersaturated Co(W,C) or Co3W. 
Microstructures as they are observed in zone C are not 
known from conventional sintering processes but are 
sporadically described in beam based surface treatment of hard 
metal tools. In this context, Xu et al. also confirmed Co-loss 
due to evaporation and, depending on the energy input, meta- 
stable phases such as WC1-x and Co3W9C4 (κ) [7]. Zhang et al. 




Fig. 5. EDX mapping of the microstructure in the central melt pool region 
(Es = 8 J/mm, WC-Co 90/10) 
Measurement of the melt pool dimensions indicated, that the 
width and depth of zone C increase exponentially with the laser 
energy input. High laser power P ≥ 150 W in combination with 
low scan velocity vS < 200 mm/s leads to keyhole effect and 
keyhole pores. Furthermore, thermal cracks are detected in 
most of the generated scan tracks. The extent of cracking 
increases with the induced laser energy. For low Es, most of the 
cracks are oriented perpendicular to the scan direction. 
Additional cracks in longitudinal direction occur for higher Es. 
This phenomenon is known from laser welding and is related 
to the dominating direction of thermally induced tensile stress. 
Dependent on Young’s modulus E, thermal expansion 
coefficient α, Poisson’s ratio ν and temperature difference ∆T, 
the thermal stress σth can be approximated by Eq. (1). 
 
       
(1) 
With increasing Co-content, the Young’s modulus of WC- 
Co hard metals decreases [9], resulting in a decrease of thermal 








Fig. 4. Scan track cross-sections of zone C (SEM-BSE) with fully 
decomposed WC, Es = 8 J/mm, WC-Co 76/24 (left), WC-Co 90/10 (right) 
More detailed analysis of this region is conducted by means 
of EDX mapping on a section prepared by FIB (Fig. 5). Almost 
100 % carbon is measured inside the black inclusions. Due to 
the high cooling rates, the dissolved carbon and tungsten do not 
precipitate as WC but instead the C remains enclosed in the 
transient temperature changes are most critical, since this 
thermal shock can cause stress peaks, resulting in instant crack 
initiation and propagation. The thermal shock resistance 
increases with the fracture toughness KIC of the material [10] 
and thereby with increasing Co-content and WC-grain size [9]. 
The experiments indicate that even a single pulse with low 
energy induces thermal cracking for low Co contents (Fig. 6). 
The central melt pool region is most prone to crack formation 
due to the high temperature gradients and the embrittlement 
caused by Co-evaporation and phase transformation. For low 
Co-content, additional cracks occur around the melt pool in 
zone A. 
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material with spheroidal graphite are observed (Fig. 4). 
microstructure as graphite leading to a carbon deficiency in the 
surrounding material. The light grey regions around the C-
inclusions contain high amounts of tungsten. BSE indicates a 
higher Z-contrast (mean atomic number) and thereby higher 
material density compared to WC. Hence, potential phases are 
W2C, WC1-x (γ) or W. The dark grey matrix is rich in cobalt. 
The compositions, measured by EDX, most likely suggest 
supersaturated Co(W,C) or Co3W. 
Microstructures as they are observed in zone C are not 
known from conventional sintering processes but are 
sporadically described in beam based surface treatment of hard 
metal tools. In this context, Xu et al. also confirmed Co-loss 
due to evaporation and, depending on the energy input, meta- 
stable phases such as WC1-x and Co3W9C4 (κ) [7]. Zhang et al. 




Fig. 5. EDX mapping of the microstructure in the central melt pool region 
(Es = 8 J/mm, WC-Co 90/10) 
Measurement of the melt pool dimensions indicated, that the 
width and depth of zone C increase exponentially with the laser 
energy input. High laser power P ≥ 150 W in combination with 
low scan velocity vS < 200 mm/s leads to keyhole effect and 
keyhole pores. Furthermore, thermal cracks are detected in 
most of the generated scan tracks. The extent of cracking 
increases with the induced laser energy. For low Es, most of the 
cracks are oriented perpendicular to the scan direction. 
Additional cracks in longitudinal direction occur for higher Es. 
This phenomenon is known from laser welding and is related 
to the dominating direction of thermally induced tensile stress. 
Dependent on Young’s modulus E, thermal expansion 
coefficient α, Poisson’s ratio ν and temperature difference ∆T, 
the thermal stress σth can be approximated by Eq. (1). 
 
       
(1) 
With increasing Co-content, the Young’s modulus of WC- 
Co hard metals decreases [9], resulting in a decrease of thermal 








Fig. 4. Scan track cross-sections of zone C (SEM-BSE) with fully 
decomposed WC, Es = 8 J/mm, WC-Co 76/24 (left), WC-Co 90/10 (right) 
More detailed analysis of this region is conducted by means 
of EDX mapping on a section prepared by FIB (Fig. 5). Almost 
100 % carbon is measured inside the black inclusions. Due to 
the high cooling rates, the dissolved carbon and tungsten do not 
precipitate as WC but instead the C remains enclosed in the 
transient temperature changes are most critical, since this 
thermal shock can cause stress peaks, resulting in instant crack 
initiation and propagation. The thermal shock resistance 
increases with the fracture toughness KIC of the material [10] 
and thereby with increasing Co-content and WC-grain size [9]. 
The experiments indicate that even a single pulse with low 
energy induces thermal cracking for low Co contents (Fig. 6). 
The central melt pool region is most prone to crack formation 
due to the high temperature gradients and the embrittlement 
caused by Co-evaporation and phase transformation. For low 
Co-content, additional cracks occur around the melt pool in 
zone A. 
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Fig. 6. Single pulses on WC-Co substrate with minimum and maximum Co 
content and varying pulse energy Ep (top view, SEM-BSE) 
The formation of cracks depends on thermal gradients, 
affected by laser energy input, and on fracture toughness, 
affected by material ductility. Teppernegg et al. have shown, 
that the ductility of a given WC-Co composition increases at a 
temperature around 800°C, resulting in a sudden increase in KIC 
[11]. An increase in the WC-Co substrate temperature level 
also reduces ∆T and, according to Eq. (1), the thermal stress. 
To verify this assumption, similar experiments are conducted 
at an increased pre-heating temperature TPH ≈ 800°C. With this 
temperature, cracks can be prevented in a wide parameter 
range, even for WC-Co 94/6 and for the highest pulse energy 
as shown in Fig. 7 (a). With pre-heating, the melt pool 
dimensions increase. The higher substrate temperature reduces 
cooling rates. Consequently, it affects the formation of phases. 
The impact of reduced cooling rates on the microstructure is 
most distinct for high Co-content as shown in Fig. 7 (b). Taking 
into account the scheme given in Fig. 1, TPH ≈ 800°C leads to 
enlargement of the regions A (solution of W in Co) and B (WC- 
grain growth). Increased and distorted WC grain growth is 
observed in zone B for most of the tested parameter settings at 
TPH ≈ 800°C. In the central melt pool region (zone C) the lower 
cooling rates lead to coarser microstructure. Increased porosity 
is observed in some melt pools, indicating evaporation due to a 
higher melt pool temperature. 
In contrast to the single laser exposure applied in these 
experiments, the repetitive layer-wise laser exposure during 
L-PBF increases overall temperature level and reduces cooling 
rates. Overlapping of scan-tracks, continuous re-melting and 
re-heating affects the L-PBF-made material below and beside 
the current track and creates a heterogeneous microstructure, 
most similar to zone B in the singe-track experiments, as shown 
in previous studies [1]. 
 
 
Fig. 7. (a) SEM (SE) images of single pulses on WC-Co 94/6, (b) SEM (BSE) 
images of single-track cross sections on WC-Co 76/24 
4. Conclusion 
 
Single-track and single-pulse experiments on WC-Co with 
varying Co-content between 6 and 24 wt.-% revealed, that a 
single laser exposure is already sufficient to induce 
decomposition of microstructure, WC grain growth, formation 
of non-equilibrium phases and thermal cracking. The 
parameter range used in relevant studies on L-PBF of WC-Co 
[2] was applied. It was found that the decomposition of carbide 
microstructure in the central interaction zone between the laser 
beam and the material is inevitable in the tested range of P and 
vS. Increased substrate temperature of 800°C reduces thermal 
gradients and increases material ductility. At TPH ≈ 800°C, 
thermal cracking, which is the most critical defect in L-PBF of 
WC-Co, can successfully be prevented for a wide range of 
parameters and WC-Co compositions. Melt pool dimensions 
and heat affected zones are larger at TPH ≈ 800°C. 
Consequently, laser energy input and thereby the negative 
impact on the microstructure should be reduced in the L-PBF 
process at TPH ≈ 800°C. Furthermore, the higher temperature 
level in the substrate leads to enlarged regions with increased 
saturation of binder. TPH ≈ 800°C leads to reduction of cooling 
rates and consequently to increased WC grain growth. Despite 
these drawbacks, pre-heating is highly recommended for L-
PBF of WC-Co to reliably prevent thermal cracking. Beyond a 
reduction of laser energy input, further measures, such as 
grain growth inhibitors, additives or alternative binders, should 
be investigated. For deeper understanding of solidification 
phenomena and phase development, future research should be 
supported by thermodynamic simulations and transmission 
electron microscopy (TEM). 
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